The determination in flight of the body drag and the mean blade profile drag coefficient of a helicopter by Bartholomew, F. E. & Marshall, W. S. D.
31
1 8
1 1  1
1
, 1 1 1
1  
1 1 ; o
1  
R e -
) o r t  N o .  
 
 
A n r i l ,  1 9 5 2 .  
 
    
T H E  
C O L L E G E  
O F  
 A E R O N A U T I C S   
C R  
A N F I E L D   
T h e  D e t e r m i n a t i o n  i n  F l i g h t  o f  t h e  B o d y  D r a g  
a n d  t h e  M e a n  B l a d e  P r o f i l e  D r a g  C o e f f i c i e n t  
o f  a  H e l i c o p t e r  
-  b y  -  
F . E .  B a r t h o l o m e w ,  D . C . A e .  
a n d  
M a r s h a l l ,  
D . A e .  ( H u l l ) ,  4 . F . R . A e . S .  
- - - o o 0
o o - -
-  
S U M M A R Y  
S l i g h t  m o d i f i c a t i o n s  h a v e  b e e n  m a d e  t o  t h e  
e n e r g y  e q u a t i o n  w h i c h  e n a b l e  t h e  r e s u l t s  o f  p a r t i a l  
c l i m b  t e s t s  t o  b e  p l o t t e d  a s  t w o  s t r a i g h t  l i n e s ,  t h e  
s l o p e s  o f  w h i c h  a r e  m e a s u r e s  o f  t h e  b o d y  d r a g  o f  t h e  
h e l i c o p t e r  a n d  t h e  m e a n  p r o f i l e  d r a g  c o e f f i c i e n t  o f  
t h e  r o t o r  b l a d e s .  
S u f f i c i e n t  d a t a  h a s  b e e n  a n a l y s e d  t o  s h o w  
t h a t  t h e  m e t h o d  c a n  b e  u s e d  t o  o b t a i n  a n  a c c u r a t e  
m e a s u r e m e n t  o f  t h e  b o d y  d r a g .  
6 0  
T h e  v a l u e s  o f  ( C
Q ,  
-  7 1
7 )  o b t a i n e d  b y  t h e  
m e t h o d  a r e  o f  t h e  r i g h t  o r d e r  o f  m a g n i t u d e ,  a n d  w i l l  
g i v e  a  g o o d  i n d i c a t i o n  o f  t h e  p r o f i l e  d r a g  l o s s e s  o f  
t h e  r o t o r  i f  t h e  t r a n s m i s s i o n  a n d  t a i l  r o t o r  p o w e r  
c a n  b e  a s s e s s e d  t o  a n  a c c u r a c y  o f  o n e  p e r  c e n t .  
Y S B  
T h i s  r e D o r t  i s  p a r t  o f  a  t h e s i s  s u b m i t t e d  b y  t h e  f i r s t  
m e n t i o n e d  a u t h o r  i n  p a r i  f u l f i l m e n t  o f  t h e  r e q u i r e m e n t s  
o f  t h e  D i
- p l o m a  C o u r s e  a t  t h e  C o l l e g e .  
T 
 0 T A T I 0 N (see also Figure 6) . 
T 	 Thrust 
Torque 
 
CT 	 Thrust coefficient 
Torque coefficient 
D' 	 Body drag 





Body drag coefficient 	 DV2pV'2 7.Z 2 
6 	 Mean profile drag coefficient of blade 
R 	 Radius of rotor 	 (ft. ) 
o 	 Rotor solidity 	 bc/7Gt 
b 	 Number of blades 
c 	 Chord of blades (assumed constant) 	 (ft. ) 
2 	 Density of the air 	 (slugs/f0 ) 
2 	 Angular velocity of rotor 	 (rads./sec.) 
V
c 	
Rate of climb 
	
(ft/min) 
V 	 Component of velocity normal to rotor 	 (ft/sec) =V sin i 
7T 	 Component of velocity tangential to rotor(ft/sec).V cos i , t, 
V 	 Velocity of undisturbed flight 
	
(ft/sec) 
3 Induced velocity through the rotor 	 (ft/sec) 
1 
UT 	 Ideal hovering induced velocity 	 (ft/sec)=(T/2(07cR 2 ) 2 
u Total velocity normal to rotor 	 (ft/sec)..-, v a + v 
V' 	 Resultant velocity at rotor disc 	 (ft/sec) (V+ u2 ) 2 
Rotor incidence relative to direction of 
V. (positive when relative wind is down 
through the disc) 
)( 	 Inclination of rotor disc from the hori- 
zontal (positive when relative wind is 
down through disc) 
Tip speed ratio 	 Vt42R 
Inflow ratio 	 u/OR 
3 Resultant velocity ratio 
	
v ,A.2 R (>2+ 42) 2 
1 	 The value of v at which Vc is its 
maximum. 
-  2  -  
1 .  I n t r o d u c t i o n  
I t  h a s  l o n g  b e e n  t h e  p r a c t i c e  t o  e v a l u a t e  t h e  
d r a g  c o n s t a n t s  f o r  a  f i x e d  w i n g  a i r c r a f t  b y  p l o t t i n g  
t h e  r e s u l t s  o f  f l i g h t  t e s t s  a s  t h e  d r a g  c o e f f i c i e n t  
a g a i n s t  t h e  s q u a r e  o f  t h e  l i f t  c o e f f i c i e n t .  
	
T h e  r e -  




D z  	
K  C
2 .  
T h u s ,  t h e  c o n s t a n t s  C p z  a n d  K  c a n  r e a d i l y  b e  o b t a i n e d  a s  t h e  
i n t e r c e p t  a n d  s l o p e  o f  t h e  c u r v e  r e s p e c t i v e l y .  
A t  t h e  p r e s e n t  t i m e ,  n o  a t t e m p t  a p p e a r s  t o  
h a v e  b e e n  m a d e  t o  e v a l u a t e  t h e  d r a g  c o n s t a n t s  f o r  a  
h e l i c o p t e r  i n  a  s i m i l a r  m a n n e r .  
	 I n  t h i s  r e p o r t ,  u s e  
i s  m a d e  o f  t h e  e n e r g y  e q u a t i o n  f o r  t h e  h e l i c o p t e r ,  a n d ,  
b y  m a k i n g  s m a l l  c h a n g e s  t o  t h e  f o r m  o f  t h e  e q u a t i o n ,  
i t  w i l l  b e  s h o w n  t h a t  t h e  r e s u l t s  o f  f l i g h t  t e s t s  c a n  
b e  p l o t t e d  i n  s u c h  a  w a y  a s  t o  g i v e  O i v o  s t r a i g h t  l i n e s ,  
t h e  s l o p e s  o f  w h i c h  a r e  m e a s u r e s  o f  t h e  d r a g  c o n s t a n t s  
o f  t h e  h e l i c o p t e r .  
2 .  
E v a l u a t i o n  o f  t h e  D r a t   C o n s t a n t s  f o r  t h e  H e l i c o p t e r  
2 . 1  T h e  e n e r g y  e q u a t i o n   
A n  e n e r g y  e q u a t i o n  h a s  b e e n  d e r i v e d
( 1 )  
f r o m  
a  c o n s i d e r a t i o n  t h a t  t h e  p o w e r  s u p p l i e d  t o  t h e  r o t o r  
i s  u s e d  
( a )  
t o  o v e r c o m e  t h e  d r a g  o f  t h e  f u s e l a g e ,  
( b )  
t o  o v e r c o m e  t h e  p r o f i l e  d r a g  o f  t h e  r o t o r  
b l a d e s ,  
( c )  
t o  p r o v i d e  a n  i n d u c e d  v e l o c i t y  t h r o u g h  
t h e  r o t o r  d i s c ,  
a n d  ( d )  t o  c l i m b .  
I n  a  n o n - d i m e n s i o n a l  f o r m  t h e  e n e r g y  e q u a t i o n  
2  
C  	
V  C m  
3  	
c ' 3  t i  	
T  	
C '  R    ( 2 .  1 )  
Q  	
D  •  	
'  
C  —  C '  
v  +  
	
3 v - ) +  	 +  
I n  t h e  d e r i v a t i o n  o f  e q u a t i o n  ( 2 . 1 )  a  c o m p o n e n t  
o f  v e l o c i t y  a l o n g  t h e  b l a d e s  h a s  b e e n  n e g l e c t e d .  
G l a u e r t ( 2 ,  
h a s  s h o w n  t h e  e f f e c t  o g  t h i s  v e l o c i t y  c o m -
-
a o n e n t  t o  c h a n g e  t h e  t e r m  ( 1  +  3 ) ) )  i n t o  a  t e r m  ( 1  + 4 . 5 v
2
) •  
E q u a t i o n  ( 2 . 1 )  t h u s  b e c o m e s  
2  
. 0  
c  
=  V  T  
	
C  4 T  v  
	 4  
0 6  	
.  
*  4 . 5 v
2
) + C '  v
3  
	  ( 2 . 2 )  
a n d  i t  i s  t h i s  e n e r g y  e q u a t i o n  w h i c h  w i l l  b e  u s e d  i n  
t h e  s u b s e q u e n t  a n a l y s i s .  
T h e  t w o  d r a g  c o n s t a n t s  i n  t h i s  e q u a t i o n  a r e  6 ,  
t h e  m e a n  p r o f i l e  d r a g  c o e f f i c i e n t  o f  t h e  r o t o r  b l a d e s ,  
a n d  C 5 ,  t h e  d r a g  c o e f f i c i e n t  o f  t h e  f u s e l a g e .  
b e c o m e s  
3 
2.2 Evaluation of the body  drag coefficient  
Inspection of equation (2.2) reveals that, for 
a constant value of the torque coefficient CQ and increasing 
velocity v, values for the rate of climb Vc are given which 
rise to a maximum and then fall with further increase in v. 
The value for v for the maximum Vc will be 
designated vi. 
	
It is found that for values of v well 
in excess of v i the variation in the terms 
2 Cm 
o 3 2 
4v 	 45 7T 
is negligible compared with the variation in the term C D .v
3 
 . 
This is to be expected, since at the high forward speed 
more power is used to translate the fuselage. 
Therefore, over the range , >> v i 
V. 
R C
T 	 3 
_ a constant 





from vihich it is seen that, for a constant thrust 
coefficient, the rate of climb varies linearly with v 3 . 
Hence, by plotting Vc against v3 the body drag coef- 
ficient, CD'  can be evaluated from 
CDT = 
d V 	 CT 
d v 3 • C2R • 
 
 
2.3 Evaluation of  the mean profile drag coefficient  
If equation (2.2) is multiplied throughout 
by v and re-arranged, there results an expression for 
the rate of climb as follows - 
2 V
c
.0T 	 C ca. R . 	 = (c 	 ... 	 ) 	 ±
m 	 4.5 a5 .3 
	
/4. 
Q 	 4 	 4 - 	 4 	 • 
(2 . 5 
In this case, only values of v well below v i 
 are considered, and over this range the variation in 
the terms involving v 3 and v4 is negligible in com-
i)arison with the term in v on the left-hand side of 
the equation. 
Thus, for the range v <c v i , the expression 




.0T 	 60. 
. v = (CQ -  4 )9 a constant   (2 6) T2  
and the value of the mean profile drag coefficient, 3, 
for the blades can be evaluated from 
60 ) _ CT d (c 
Q 	 4 - 2R dv 	 ) • 
(2.7) 
2 . 4  T h e  a p p l i c a t i o n  o f  t h e  m e t h o d   
T h e  m e t h o d  o f  a n a l y s i s  d e s c r i b e d  i n  t h e  
p r e c e d i n g  p a r a g r a p h  i s  s e e n  t o  b e  r e a d i l y  a p p l i c a b l e  
t o  t h e  r e s u l t s  o f  f l i g h t  t e s t s .  	
I f  m e a s u r e m e n t s  o f  
t h e  r a t e  o f  c l i m b  a r e  m a d e  a t  v a r i o u s  f o r w a r d  s p e e d s ,  
t h e  r e s u l t s  o f  t h e s e  p a r t i a l  c l i m b  t e s t s  c a n  b e  r e -  
d u c e d  t o  c u r v e s  o f  V
c  a g a i n s t  v
3  ( o v e r  t h e  r a n g e  v  >  v
l  
 a n d  V
c  . v  a g a i n s t  v  ( o v e r  t h e  r a n g e  v l  	 v ) .  
I n  t h e  e v a l u a t i o n  o f  t h e  b o d y  a n d  m e a n  p r o f i l e  
d r a g  c o e f f i c i e n t s ,  i t  i s  n e c e s s a r y  t o  a s s u m e  t h a t  t h e  
t h r u s t  i s  c o n s t a n t  a n d  e q u a l  t o  t h e  w e i g h t .  
	
I t  i s  a l s o  
n e c e s s a r y  t o  a s s u m e  t h a t  t h e  a n g l e  o f  t i l t ,  X  
	
o f  t h e  
r o t o r  a x i s  i s  s m a l l ,  s o  t h a t  t h e  f o r w a r d  s p e e d ,  a s  
m e a s u r e d  b y  t h e  a i r s p e e d  i n d i c a t o r ,  e q u a l s  t h e  v e l o c i t y ,  
V t ,  t a n g e n t i a l  t o  t h e  r o t o r  d i s c ,  a n d  t h a t  t h e  r a t e  o f  
c l i m b  V
c  
i s  e q u a l  t o  t h e  v e l o c i t y  V
a
,  n o r m a l  t o  t h e  d i s c .  
I t  i s  a l s o  n e c e s s a r y  t o  e s t i m a t e  t h e  i n d u c e d  
v e l o c i t y  t h r o u g h  t h e  d i s c .  	
A  c h a r t  h a s  b e e n  p r e p a r e d  
( F i g u r e  1 )  w h i c h  g i v e s  t h e  i n d u c e d  v e l o c i t y  v  f o r  v a r i o u s  
v a l u e s  o f  t h e  v e l o c i t y  n o r m a l  a n d  p a r a l l e l  t o  t h e  d i s c .  
T h i s  
	
( 1 0 )  i s  
c h a r t  
	
 b a s e d  o n f
e x p q r i m e n t a l  v a l u e s  o b t a i n e d  
b y  B r o t h e r h o o d  a n d  S t e w a r t
0 , 4 ) .  
3  	
R e s u l t s  a n d  D i s c u s s i o n  
F l i g h t  t e s t  r e s u l t s  w e r e  a v a i l a b l e  f o r  t h e  
f o l l o w i n g  a i r c r a f t .  
S i k o r s k y  S . 5 1  
	
( r e f . 5 )  
H o v e r f l y  M k . I  
	 ( r e f . 6 )  
B r i s t o l  	 1 7 1  	 ( r e f . 7 )  
T h e  l e a d i n g  p a r t i c u l a r s  o f  t h e s e  a i r c r a f t  a r e  g i v e n  i n  
T a b l e  I .  
I n  e a c h  c a s e  V
c  
w a s  p l o t t e d  a g a i n s t  v
3  
a n d  
V c
. v  a g a i n s t  v .  
	
T h e  g r a p h s  w e r e  f o u n d  t o  b e  s t r a i g h t  
l i n e s ,  t h u s  s u p p o r t i n g  t h e  p r e d i c t i o n s  o f  t h e  e n e r g y  
e q u a t i o n .  
	 T h e  o n l y  d e p a r t u r e  f r o m  t h e  l i n e a r  r e l a t i o n -  
s h i p  w a s  i n  t h e  r e g i o n  w h e r e  t h e  f o r w a r d  s p e e d  w a s  c l o s e  
t o  t h e  f o r w a r d  s p e e d  f o r  m a x i m u m  r a t e  o f  c l i m b .  
	
A  
s p e c i m e n  r e d u c t i o n  i s  g i v e n  f o r  t h e  S . 5 1  i n  T a b l e  I I  
a n d  t h e  g r a p h s  i n  F i g u r e s  2  a n d  3 .  
3 . 1  T h e  b o d y  d r a g  
T h e  r e s u l t s  o b t a i n e d  f r o m  t h e  a n a l y s i s  a r e  
t a b u l a t e d  b e l o w  -  
d V
c  
D 1 0 0  
 ( l b . )  
d v 3  
1 5 - 1  
- 3 4 , 8 0 0  
2 6 9  
H o v e r f l y  M k . I  
- 5 4 , 0 0 0  
2 5 0  
B r i s t o l  	 1 7 1  
- 5 7 , 1 0 0  
1 5 2 4  
S. 51 
Hoverfly Mk. I 
C 	 _ (3) 
.0006o 
.00042 
The values for the body drags follow the 
exnected trend, the Bristol 171 being obviously the 
cleanest of these three aircraft. 
	 In the case of 
the Hoverfly a rough check on the value 
of6100  is / 
possible, Stewart having made an estimate 	 of the 
component drags. 
	 In this reference the body drag 
at 100 f.p.s. is quoted as 24C, lb., which is seen to 
be close to the value derived from the flight test 
results. 
06 3.2 The value of (CQ - 717) 
The results obtained from the flight tests 




30 CQ - 
S.51 1860 .000666 
Hoverfly Mk.I 1740 .000370 
Bristol 171 1130 .000146 
VJth the existing available data it is not 
nossible to make a conclusive independent check of 
these values. 	 However, Steware)gives information 
concerning the collectiv9 npitch angles; and with the 
additional aid of TablesYli of rotor characteristics, 
an estimate of thequantity (C 
	 717 ) is possible. 
The following table gives the estimated values. 
These two estimated values verify the order 
of the results obtained from the flight measurements. 
The usefulness of the parameter (0 - L2) is 
4 
limited, as in itself it does not give an indication 
of the profile drag of the rotor blades. 	 Separation 
of the profile drag coefficient, o, by the evaluation of 
CQ requires an accurate assessment of the power ex- 
pended in overcoming transmission losses and in driving 
the tail rotor. 	 For the three helicopters considered 
here, this information regarding wasted power was not 
readily available. 
	 However, if firstly ten per cent 
and then fifteen per cent of the total engine power is 
1 0  p e r  c e n t  
W a s t e  p o w e r  
1 5  p e r  c e n t  
W a s t e  p o w e r !  
S . 5 1  
	
- 0 1 3 4  
B r i s t o l  
1 7 1  	
. 0 1 8 4  
[ H o v e r f l y  M k . I  	 . 0 2 0 8  
.
0 1 0 6  
. 0 1 8 1  
c z  -  
L .  
1 4 1  l b .  	
- . 0 0 0 1 6  
S  
1 0  p e r  c e n t  
W a s t e  p o w e r  
. 0 0 9 5 5  
1 5  p e r  c e n t !  
W a s t e  p o w e l  
. 0 0 7 9 5  
D
1 0 0  
6  -  
a s s u m e d  f o r  t h e  p o w e r  l o s s e s ,  t h e  f o l l o w i n g  v a l u e s  f o r  
( 5  a r e  o b t a i n e d .  
T h e s e  v a l u e s  f o r  3  a r e  a l l  o f  t h e  e x p e c t e d  
o r d e r  o f  m a g n i t u d e ,  b u t  t h e  d i f f e r e n c e s  w i t h  e a c h  p o w e r  
l o s s  a r e  s u c h  t h a t  t h e y  a r e  o f  l i t t l e  v a l u e  i n  a s s e s s i n g  
t h e  p r o f i l e  d r a g  l o s s e s  o f  t h e  r o t o r .  
	
C o n s e q u e n t l y ,  a n  
a s s e s s m e n t  o f  t h e  w a s t e  p o w e r  t o  a n  a c c u r a c y  o f  o n e  p e r  
c e n t  o f  t h e  t o t a l  e n g i n e  p o w e r  i s  r e q u i r e d  b e f o r e  a  
s a t i s f a c t o r y  v a l u e  o f  
3  
c a n  b e  d e t e r m i n e d .  
3 . 3  
T h e  a p p l i c a t i o n  o f  t h e  m e t h o d  t o  
t h e  a u t o - r o t a t i v e  
g l i d e  
T h e  e n e r g y  e q u a t i o n  ( 2 . 2 ) , w i t h o u t  a l t e r a t i o n ,  
i s  a p p l i c a b l e  t o  t h e  h e l i c o p t e r  i n  a n  a u t o r o t a t i v e  
d e s c e n t .  
	
I t  m u s t  b e  n o t e d  i n  t h i s  c a s e  t h a t  C Q  i s  
s m a l l  a n d  n e g a t i v e .  
	
I t  i s  b a s e d  o n  t h e  t o r q u e  r e q u i r e d  
t o  o v e r c o m e  t h e  t r a n s m i s s i o n  l o s s e s  a n d  t o  d r i v e  t h e  r  
t a i l  r o t o r .  
F l i g h t  t e s t  r e s u l t s  f o r  t h e  B r i s t o l  1 7 1  h a v e  
b e e n  p l o t t e d  i n  F i g u r e s  
L 1 .  a n d  5 .  
T h e  p r e d i c t i o n s  c o n -
c e r n i n g  t h e  l i n e a r i t y  o f  t h e  c u r v e s  a r e  a g a i n  v e r i f i e d .  
L . n a l y s i s  o f  t h e  r e s u l t s  l e a d s  t o  t h e  f o l l o w i n g  r e s u l t s .  
T h e  v a l u e  f o r  t h e  b o d y  d r a g  g i v e s  f u r t h e r  
s u p p o r t  f o r  t h e  m e t h o d  s i n c e  t h e  t e n  p e r  c e n t  v a r i a t i o n  
f r o m  t h e  v a l u e  q u o t e d  i n  p a r a g r a p h  3 . 1  c a n  e a s i l y  b e  
a c c o u n t e d  t o  t h e  c h a n g e  i n  d i r e c t i o n  o f  t h e  r e s u l t a n t  
v e l o c i t y  o v e r  t h e  b o d y .  
- 7 - 
The values for the mean profile drag coefficient 
for the blade are considerably less than those for powered 
flight quoted in paragraph 3.2. 	 But at high forward 
speeds the degree of stalling of the retreating blade is 
greater in powered flight than in auto-rotation, and this 
blade stalling would account for the increase in the mean 




(a) Sufficient data has been analysed to show that 
the method can be used to obtain an accurate measurement 
of the body drag. 
(b) The values of (CQ 	 ) - 	 obtained by the use of 4  
the method are of the right order, and will give a good 
indication of the profile drag losses of the rotor if the 
transmission and tail rotor power can be assessed to an 
accuracy of one per cent. 
(c) The value of 6 obtained from flight test results 
by this analysis represents a mean of the values over the 
range v« v i , and cannot be assigned to any particular 
forward speed. 	 Further, the value of 3 thus obtained will 
include the effects of blade stalling. 
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TABLEI 
Leading ?articulars  of the Aircraft Considered in this  
Report. 
S .51 Bristol 	 171 Hoverfly I 
Weight 	 lb. 49 3 5 L.850 2650 
Rotor diameter 0' 47'-5" 38' 
Disc loading 	 lb/ft2 2.756 2.746 2.335 
Solidity 0.073 0.050 0.058 
Tip speed 	 (under power)ft/sec. L.86 669 449 
Tip speed 	 (autorotation)" 
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PARTIAL CLIMES AT ipoo FT. 
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A UTOROTATIVE DESCENTS AT 1,000 FT. 
VC, V - V FOR 9, > 
BRISTOL 171. 
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